Abstract Hepatitis C virus (HCV) infection is a leading cause of chronic liver disease worldwide. Since several aspects of the infection remain unresolved, there is a pressing need for a convenient animal model that can mimic the clinical disease and aid the evaluation of treatment strategies. Although some success has been achieved in transgenic approaches for development of rodent models of HCV, transgenic expression of the complete HCV polyprotein or an entire set of the viral non-structural (NS) proteins continues to be a serious challenge. Using northern blot and 5 0 rapid amplification of cDNA ends (RACE), we unraveled two possible mechanisms that can impede HCV NS transgene expression in the mouse liver. Several truncated transcripts are produced from alternate transcription start sites along the HCV NS sequence within the murine environment, in vivo. Translation of these shorter transcripts is blocked either by the positioning of a contextual stop codon or through a shift in the reading frame. In addition, the complete NS transcript undergoes trans-splicing through 5 0 recombination with a non-transgene-derived, spliced leader sequence that appends a potential stop codon upstream of the translation start. These findings thus demonstrate that HCV NS-derived transgenes are subject to aberrant transcriptional initiation and posttranscriptional processing in the nucleus of a mouse host. Strategies to prevent such aberrant transcription start/RNA processing might be key to the development of a successful HCV transgenic mouse model.
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The combined action of various host and viral factors is required for HCV replication and pathogenesis (Weber 2007; McGivern and Lemon 2009; Tang and Grise 2009) . The successful establishment of permissible cell culture systems that can support replication of subgenomic and genome-length HCV RNA replicons has exponentially propelled research in the field (Blight et al. 2002; Bartenschlager 2006; Duverlie and Wychowski 2007 ). Yet, the complexity of HCV-host interactions underscores the need for practical animal models where the viral as well as host proteins are expressed at more biologically relevant levels. In this context, the limited availability of permissive hosts for HCV has been a challenge for the comprehensive, in vivo evaluation of the direct effects of viral proteins on hepatocytes and their role in HCV-associated liver injury. In the absence of a convenient small animal model, transgenic (tg) technology offers the opportunity to develop valuable rodent models of human diseases. Thus far, different tg mice carrying the gene or genes encoding HCV core and envelope (E)1 and E2, NS5A, NS3-4A and the full-length (fl) HCV polyprotein have been generated (Pasquinelli et al. 1997; Wakita et al. 1998; Sun et al. 2001; Lerat et al. 2002; Majumder et al. 2002; Alonzi et al. 2004; Sun et al. 2005; Frelin et al. 2006; Koike et al. 2010) . Among these, tg mice specifically carrying an entire set of the viral NS genes have failed to definitively show a satisfactory expression of the relevant proteins. Earlier, Lerat et al. (2002) generated a tg mouse lineage carrying the complete HCV open reading frame (ORF) (FL-N/35) under the control of a mouse albumin enhancer/promoter. Although transgene-specific RNA was demonstrated in the liver tissues by RT-PCR with nine different primer sets amplifying consecutive regions spanning the transgene ORF, neither the related transcript could be detected by northern blot nor was any HCV protein expression shown in these mice. Subsequently, one group of investigators (Alonzi et al. 2004 ) produced constitutive HCV tg mice carrying the entire HCV ORF inserted in the a1 antitrypsin (A1AT) gene, with detectable HCV RNA in the liver. They also demonstrated HCV core, NS3 and NS5A plus NS5B proteins by immunohistochemical staining, but not by western blot. Another group (Koike et al. 2010 ) generated tg mice carrying the HCV NS genes, but failed to show expression of these proteins in the tg livers. It appeared that a considerable selection pressure due to the effect of NS proteins on the developing liver could be instrumental in the suppression of these genes within the murine system. Alternatively, certain part(s) of HCV NS sequence could negatively impact the transcriptional and/or post-transcriptional processing of these genes in the tg milieu.
In this report, we generated tg mice with inducible, liver-specific expression of the HCV NS (NS2 through 5B) genes by using the Cre/loxP DNA recombination system. To generate double tg mice that mediate NS transgene recombination constitutively, we bred these tg founders with an albumin-Cre (Alb-Cre) tg partner that has liver-specific expression of Cre-recombinase (Postic et al. 1999) . Various aberrant transgene-specific RNAs were detected by northern blot in the liver tissues of these mice. We applied the 5 0 and 3 0 rapid amplification of cDNA ends (RACE) PCR procedure to sequence these RNA transcripts (Scotto-Lavino et al. 2006a, b) . Our data provide insight into the possible molecular mechanisms responsible for the lack of HCV NS gene expression in tg mouse models.
Materials and methods

Plasmid construction
To establish tg mice with liver-specific inducible expression of HCV NS genes, we generated a transgene construct (Alb-NS) (Fig. 1a) in which HCV genotype 1b NS gene expression was inducible through the Cre/loxP DNA recombination system. The vector used for the construction of the transgene was pGEMAlbSVPA, which contains the murine albumin enhancer/promoter with a downstream SV40 intron and polyadenylation signal (McPherson et al. 1993) . The sequence of the genotype 1b NS ORF was derived from the insert in the infectious plasmid pHCV-N (Beard et al. 1999 ) and contains a start codon and a typical Kozak sequence. It was subcloned into the XbaI site of pGEMAlbSVPA upstream of the SV40 intron/polyadenylation cassette. A 1.4-kb spacer, containing stop codons in all three reading frames and flanked by loxP sequences at both ends, was inserted between the albumin promoter and the NS transgene by using a XhoI site. Thus, the HCV NS ORF in the construct was transcribed, but not translated, unless the spacer was removed by Cre-mediated DNA recombination. Each cloning step was confirmed by restriction enzyme digestion and sequence analysis of the junctions. Also, the entire NS ORF was sequenced. The complete HCV genotype 1b non-structural genomic region (NS2, NS3, NS4A, NS4B, NS5A and NS5B) was cloned under the control of the mouse minimal albumin enhancer/promoter and followed by a SV40 intron and a polyadenylation signal. RT-PCR products of 4.2 and 3.9 kb are shown. b Gel picture showing PCR bands representing recombined and unrecombined transgene. Huh-7 cells were transfected with the Alb-NS construct. At 24 h post-transfection, transgene recombination was induced by infecting the cells with a replication-deficient adenovirus expressing Cre DNA recombinase. c Following transgene induction in the Huh-7 cells, 72 and 58 kDa proteins were detected by western blot analysis in the Alb-NS transfectant cell lysates by using anti-NS3 and NS5A-specific monoclonal antibodies, respectively Analysis of transgene inducibility and expression Prior to microinjection, the plasmid was tested for its inducibility and expression of the HCV NS proteins by transient transfection of the human hepatoma cell line Huh-7. Transgene recombination was induced by infecting the cells at 24 h post-transfection with a replication-deficient adenovirus vector expressing Cre recombinase under the control of a cytomegalovirus immediate-early promoter (AdCre) (Kanegae et al. 1995) . Genomic DNA isolated from the transfected cells was extracted before and post-AdCre infection and analyzed for transgene recombination by using the primer pair ALB5 (5 0 -GGAACCAAT GAAATGCGAGG-3 0 ) and RevNS1 (5 0 -CGCCATA GAAAGCATATGCC-3 0 ), which amplified both unrecombined (1,636 bp) and recombined (370 bp) transgene fragments, distinguishable on the basis of their molecular size. To assess transgene expression, cells were harvested in a cell culture lysis reagent (Promega, Madison, WI) and 10 lg of the extracted protein was resolved by SDS-PAGE. The proteins were electrotransferred to a polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA) and probed with monoclonal antibodies to HCV NS3 (NovoCastra, Newcastle, UK) and NS5A (Biodesign, Saco, ME), followed by horseradish peroxidase-conjugated antimouse immunoglobulin G (IgG) (Southern Biotechnology Associates, Birmingham, AL) and ECL detection reagents (Amersham Pharmacia, Buckinghamshire, UK).
Generation and characterization of transgenic mice
The transcriptional unit of the Alb-NS plasmid was excised with FspI and electrophoretically purified before microinjection into fertilized egg pronuclei of C57BL/6 9 SJL hybrids at the University of Michigan Transgenic Facility (Ann Arbor, MI). Potential founders were screened for the presence of transgene by PCR of mouse genomic DNA isolated from tail biopsies by using two independent primer pairs located within the HCV NS4B and NS5B genomic regions. The nucleotide sequences of the sense and antisense primers derived from the NS4B gene were NSP8 5 0 -(AAGGTGCTAGTGGACATTCTGG)-3 0 and RNS8 5 0 -(AGTATTGCTGCACACACGAC)-3 0 , respectively, and those of the NS5B derived primers were S8 5 0 -(TGCTGGAGGACACTGTGACACCAA T)-3 0 and NSR 5 0 -(AGGAGTTAACTGGAGTGTGT CTAGC)-3 0 , respectively. Further, the number of integrated transgene copies in each founder line was determined by slot blot hybridization as follows: One lg of individual founder DNA was blotted onto a positively charged nylon membrane (S & S, Keene, NH) along with 1 lg of mouse genomic DNA mixed with serial copies of the Alb-NS plasmid as a copy number control. The membranes were probed independently with NS3-4A and NS5B-specific 32 P-labeled probes. A graph was plotted based on the band densities of the transgene copy standards and the number of transgene copies per founder line determined from the standard graph. Additionally, the presence of the cognate transgene was confirmed by Southern hybridization with P 32 -labeled NS3-4A and NS5B-specific probes, following digestion with restriction endonucleases, XbaI (which cuts out the complete NS sequence from the transgene) and XhoIEcoRV (which cut the 5 0 end of the loxP spacer and about 345 bp from the 5 0 end of the NS, respectively) (Fig. 1a) .
The tg founders were first backcrossed to C57BL/6 mice for the N1 generation to evaluate breeding potential and transgene transmissibility. Subsequent generations of Alb-NS founder lines were crossed with a line of albumin-Cre (Alb-Cre) tg mice {C57BL/6-TgN(AlbCre)21Mgn}, in which the promoter/enhancer of the rat albumin gene was used to direct the liver-specific expression of Cre (Postic et al. 1999) , to generate mice with constitutive NS transgene recombination. The Alb-NS 9 Alb-Cre double tg mice were screened by using the abovementioned NS-specific primers and Alb-Cre-specific primers Alb-Cre/F 5 0 -(ACCGTCAGTACGTGAGA TATCTT)-3 0 and Alb-Cre/R 5 0 -(ACCTGAAGATGT TCGCGATTATCT)-3 0 . Transgene recombination was detected as above. All animal care and experimentation were performed according to the National Institutes of Health Guidelines and with the approval of the Institutional Animal Care and Use Committee.
Transgene mRNA detection Double and single tg mice from different founder lines were euthanized at 8 weeks, and their liver tissue was snap frozen in RNAlater (Ambion, Austin, TX) for future analysis. Total RNA was extracted from the liver by using an RNAqueous Ò kit (Ambion, Austin, TX). After clearing contaminating DNA with DNase I, the RNA was reverse transcribed with NS5A-specific primer GSP3 5 0 -(CAATTCGGAGCT GCCGAAGG)-3 0 and NS5B-specific primer NSR by using OmniScript reverse transcriptase (Qiagen, Valencia, CA). PCR was carried out for 40 cycles with AccuTaq LA DNA polymerase (Sigma-Aldrich, St Louis, MO) by using two primer sets. The first set comprising sense primer NSP2 5 0 -(TCTTCTCTGA CATGGAGACC)-3 0 and antisense primer GSP3 amplified a 4.2-kb fragment spanning the NS2 to NS5A genomic region, while the other set, comprising sense primer NS3-5 0 5 0 -(CGGGCTTACCTAAAT ACACC)-3 0 and antisense primer NSR amplified a 3.9-kb fragment spanning the NS3 to NS5B genomic region (Fig. 1a) .
For northern blotting, RNA was isolated from frozen tissue by using Trizol reagent (Life Technologies, Gaithersburg, MD). Total RNA (20 lg) was separated on a 1% formaldehyde denaturing agarose gel, and then transferred onto a nitrocellulose membrane (S & S). RNA was cross-linked to the membrane by ultraviolet irradiation at 254 nm (UV Stratalinker; Stratagene, La Jolla, CA) and hybridized to NS5B-, NS4B-5A-and GAPDH-specific 32 P-labeled probes. GAPDH (1.27 kb) and in vitro transcribed HCV RNA (9.6 kb) were used as molecular size controls, while RNA isolated from the FL-N/35 line (Lerat et al. 2002) was used for comparison. The analysis was repeated with RNA extracted from three independent animals of each founder line.
Sequencing of the 5 0 and 3 0 terminal ends of transgene-specific mRNA Isolation of the 5 0 and 3 0 terminal fragments of the Alb-NS and FL-N/35 mRNA transcripts was carried out by using classic 5 0 and 3 0 rapid amplification of cDNA ends (RACE) procedures (Scotto-Lavino et al. 2006a, b) . In brief, for the 5 0 RACE the RNA was reverse transcribed to cDNA by using a random hexamer. Following this, a 5 0 poly(A) tail was appended by employing terminal deoxynucleotidyl transferase (Tdt) (New England BioLabs, Ipswich, MA) and dATP. Amplification was then carried out with JumpStart TM REDTaq Ò DNA Polymerase (Sigma-Aldrich, St Louis, MO), for which we used the hybrid primer Q T to form the second strand of cDNA, and the forward primer Q O and three separate reverse primers NS2Rv, RevNSP8 and NSR-3 0 specific for the NS2, NS5A and NS5B sequences, respectively, in the case of the Alb-NS 9 Alb-Cre double tg cDNA, and reverse primers Seq1R and NS2-Rv3, specific for the core and NS2 segments, respectively, in the case of the FL-N/35 tg cDNA. Subsequently, a second set of PCR cycles was carried out in which we used the nested primers Q I and RevNS1, NSR2 and NSR, respectively, in the case of Alb-NS 9 Alb-Cre cDNA, and Q I and HCV3A and NS2Rv2, respectively, in the case of FL-N/35 cDNA. This second set of PCRs was aimed at increasing the specificity and yield of each specific product, which was then electrophoretically purified (Qiagen, Valencia, CA) and sequenced (at the UTMB Molecular Genomics Core Facility). For the single tg Alb-NS cDNA, gene-specific nested primers NS2-Rv3 and NS2-Rv2 were used for the 5 0 RACE. The nucleotide sequences of the primers were as follows:
0 . For the 3 0 RACE, the RNA was reverse transcribed to cDNA by using a 3 0 RACE cDNA synthesis (3CDS) primer, following which, amplification was carried out by using an NS5B-specific forward primer NS5B-FR1 and a universal primer mix comprising 0.04-lM long primer UPL and 0.2-lM short primer UPS. The product was then further amplified by using a nested forward primer NS5B-FR2 and primer UPS. The nested PCR product was electrophoretically purified prior to sequencing. The nucleotide sequences of the primers were as follows: Transgenic Res (2011 ) 20:1273 -1284 1277 CGGCTGGT)-3 0 and NS5B-FR2 5 0 -(TCTCGTGC CCGACCCCGCTG)-3 0 .
Results
Transgene expression in cell culture
The Alb-NS construct was designed to establish an immunocompetent tg mouse model with moderate-tohigh levels of HCV NS protein expression in the liver (Fig. 1a) . The construct was transfected into the human hepatocyte cell line Huh-7 and its expression was induced with a replication-deficient adenovirus expressing Cre recombinase (Kanegae et al. 1995) at 24 h post-transfection. Efficient recombination of the transgene (Fig. 1b) was detected following induction with AdCre. NS3 and NS5A proteins were detected in the Huh-7 protein extracts by western blot following transgene recombination (Fig. 1c) .
Transgenic mice
Since the construct could express NS proteins in Huh-7 cells, it was used to generate tg mice. A total of 17 Alb-NS founders were obtained. Of these 3 animals were infertile, while 8 failed to transmit the transgene to the N1 offspring. Of the remaining 6 founder lines, all except lineages 679 and 740 were found to carry a single copy of the integrated transgene as determined by slot blot analysis. Lineage 679 and 740 had 2 and 3 integrated transgene copies, respectively. We confirmed these results by Southern blot analysis of liver DNA from lineage 679 and 740 in which we used several restriction enzymes that cut different segments of the transgene. Our findings further demonstrated that the entire transgene was present in both lineages (Fig. 2a, b) . When founder genomic DNA was cut with XbaI, a 6.8-kb band was detected in both the founder lines consistent with the size of the NS. On the other hand, double digestion with XhoI and EcoRV generated two distinct patterns in the two individual founder lines. In the case of lineage 679, a single 11.8-kb band was detected, consistent with the expected fragment generated through double digestion of a double copy transgene concatemer. Double digestion of lineage 740, on the other hand, yielded two bands of 20.1 and 6.4 kb, a finding indicating that the three transgene copies may not have integrated in tandem with each other, and, instead, generated different restriction fragments according to their individual integration site. For the purpose of further characterization, these lines were expanded by successive backcrossing with Alb-Cre partners to generate double transgenic mice (Alb-NS 9 Alb-Cre) that constitutively mediated transgene recombination (Fig. 2c) .
Transgene transcription analysis
To confirm the presence of a transgene-specific RNA transcript in lineage 679 and 740, we extracted RNA from liver tissues of mice from the respective lines and amplified it with two independent RT-PCR reactions by using primer pairs spanning overlapping segments of the transgene sequence, namely, NS2 to NS5A (4.2 kb) and NS3 to NS5B (3.9 kb) (Fig. 1a) . The results indicated the presence of an RNA transcript (or transcripts) spanning the complete NS transgene sequence (Fig. 2d) . No specific product Fig. 2 The Alb-NS transgene construct was used to generate multiple mouse lineages. Two of the female founders, lineage 679 and 740, were bred with a male mouse transgenic for liverspecific expression of Cre-recombinase (Alb-Cre) to generate double transgenic (Alb-NS 9 Alb-Cre) mice. (a and b) Southern blot showing integration of the 13.6 kb Alb-NS transgene into mouse genomic DNA. Single and double transgenic liver DNA from line 679 and double transgenic liver DNA from line 740 was digested with XbaI and XhoI ? EcoRV and probed with NS3-4A-(a) and NS5B-(b) specific probes. c Recombination of the transgene in single (Alb-NS) and double (Alb-NS 9 Alb-Cre) tg mice detected by PCR. The efficiency of constitutive recombination is greater than 90%. d Detection of transgene-specific mRNA transcript in double tg mouse liver from line 679 (lanes 2-5) and line 740 (lanes 6-9) by RT-PCR. Lanes 1 and 10: 1 kb DNA ladder; Lane 2 and 6: 4.2-kb RT-PCR fragment spanning NS2 to NS5A gene region; Lanes 3 and 7: 3.9-kb RT-PCR fragment spanning NS3 to NS5B gene region; Lanes 4 and 8: PCR without RT and with NS2 and NS5A-specific forward and reverse primers, respectively (negative controls); Lanes 5 and 9: PCR without RT and with NS3 and NS5B-specific forward and reverse primers, respectively (negative controls). e Detection of NS-specific mRNA transcript in tg mouse liver by northern blot. The exposure was for 6 h (1.27-kb GAPDH mRNA) or overnight (in vitro transcribed synthetic HCV RNA) or 5-7 days (1.6-kb RNA) or 14-18 days (4.4 and 7.6-kb RNA) c was obtained by excluding the reverse transcription step, which demonstrated the absence of contaminating DNA in the RNA samples. Northern blot analysis of both lineages with an NS5B-specific probe unexpectedly revealed the presence of only an HCV transcript of approximately 1.6 kb, from which it was concluded that a major species of the transgene-specific mRNA in the liver tissues of these mice was truncated (Fig. 2e) . When the membrane was probed with a mixture of two probes, NS4B-5A-specific and NS5B-specific, two additional bands of approximately 7.6 and 4.4 kb were detectable in both Alb-NS tg lineages. Similar bands were also detected with the FL-N/35 RNA. Interestingly, the longer RNAs (7.6 and 4.4 kb) were detectable only when the two probes were applied together and after prolonged exposure, a result leading us to conclude they were present as relatively minor species. The sizes of the individual RNA bands were estimated based on the RF with reference to the respective GAPDH (1.27 kb) band for each RNA sample. All three northern bands were consistently detected in three independent animals from each founder lineage.
Sequencing of the mRNA 5 0 and 3 0 ends
As mentioned above, RT-PCR analysis by a longrange PCR pointed to the presence of a complete HCV RNA sequence, perhaps in one contiguous molecule, in the liver tissues of the two Alb-NS lineages 679 and 740 (Fig. 2d) . Earlier, the presence of a full-length transcript was inferred for the FL-N/ 35 line by using a comparable strategy, but with a shorter-range PCR method (Lerat et al. 2002) .
Considering that all three (7.6, 4.4 and 1.6 kb) RNA species observed in the northern blot analysis were detectable by the NS5B-specific probe, it should be assumed that the 3 0 -terminal sequence of all three 0 G base and appears to be capped. Note that the spliced leader sequence contains a potential stop codon (TGA). Lower sequence: Predicted nucleotide sequence of a recombined Alb-NS transgene mRNA containing a splice acceptor (AG) site at its 5 0 end and a hypothetical G cap preceding it RNA transcripts, from both the Alb-NS and the FL-N/35 lineage, corresponded to the 3 0 -terminal sequence of the respective transgene. To prove this point, we performed a classic 3 0 -RACE procedure and confirmed that the 3 0 -terminal sequence of each of the transcripts was tagged with the polyA, which was engineered to be part of the transgene construct.
We then employed a 5 0 -RACE procedure and nested PCR, by using three HCV gene-specific primers in three separate reactions, to amplify the 5 0 -terminal sequence of each RNA species, and sequenced the products. In all, four independent RNA species were actually identified in the Alb-NS livers. Figure 3a -c and g represent the immediate 5 0 -terminal sequences of the four HCV NS-specific RNA species detected in a lineage 679 Alb-NS 9 Alb-Cre mouse liver following transgene recombination. Three of these RNAs (Fig. 3a-c ) represent contiguous sequences which have different transcription start sites, but terminate at the common 3 0 -terminal region of the transgene. They all contain an extra, non-templated 5 0 G residue, a finding suggesting that all the three RNAs are capped, as reverse transcriptases are known to transcribe the 5 0 -terminal cap nucleotide of RNA. Since their upstream DNA sequences do not meet the description of a consensus splice junction, these three RNA species seem to have initiated from alternate transcription start sites in the HCV NS genomic region. Two of these sequences start in the NS5B genomic region, one (Fig. 3b) being shorter than the other by 147 bases (Fig. 3a) . These may have been represented as a single 1.6-kb band, not necessarily of equal abundance, in the northern blot. The 4.4-kb northern fragment begins in the NS4B genomic region (Fig. 3c) .
To our surprise, the 5 0 sequence of the 7.6-kb RNA which represents the complete, recombined Alb-NS transcript, contains an additional 19 non-complementary bases in place of the 5 0 AG residues on the transgene that represent the predicted transcription start site of the complete Alb-NS transcript (Fig. 3g  upper sequence) . Moreover, the 5 0 end of the predicted Alb-NS transcript contains a consensus splice acceptor sequence of an intron with no functional 5 0 splice donor site upstream, characteristic of a trans-splicing signal or an outron (Fig. 3g lower  sequence) . Therefore, we speculate that the 19-base, 5 0 terminal sequence of the RNA transcript, which is not featured anywhere in the entire transgene construct and contains a 5 0 cap, is derived from a spliced leader of an unknown cellular gene that could have been transferred to the HCV trangene pre-mRNA, along with its methylguanosine cap (Stover et al. 2006 ). In addition, this spliced leader-derived sequence is most likely to hinder the translation of the transgene, as it contains a potential stop codon in frame and upstream of the ATG translation start of the transcript.
In addition, we also sequenced the 5 0 ends of the 7.6-kb northern fragments from a single tg Alb-NS mouse (without transgene recombination) and an FL-N/35 mouse. Both lineages had the identical 5 0 capped RNA originating from a common transcription start site within the HCV NS2 transgene region (Fig. 3d) . Further, we sequenced the 5 0 end of the complete FL-N/35 transcript and found that it too was represented by a truncated, albeit 5 0 capped RNA derived from an alternate transcription start site in the HCV core transgene region (Fig. 3e ). This particular RNA species was not detectable in the northern blot possibly due to rapid degradation. Notably, as in the case of the trans-spliced RNA, three of the five identified truncated transcripts contain a potential stop codon upstream of the first ATG (potential translation start) triplet (Fig. 3a, c, d ). In the remaining two transcripts, the earliest potential translation start signal occurs in a reading frame that is variant from that of the HCV coding sequence (Fig. 3b, e) .
Discussion
The strict host specificity of HCV has been a major impediment for study of the pathobiology of the infection, as well as for the preclinical evaluation of potential therapeutic candidates. It would be expected that livers of animals that are not inherently susceptible to HCV infection should be permissive to the expression of virus genes in the transgenic milieu. As cited earlier, several tg mice expressing HCV structural and/or NS genes, either individually or in various combinations have been generated (Pasquinelli et al. 1997; Wakita et al. 1998; Sun et al. 2001; Lerat et al. 2002; Majumder et al. 2002; Alonzi et al. 2004; Sun et al. 2005; Frelin et al. 2006; Koike et al. 2010) . Among these, those expressing HCV structural genes have been shown to express these proteins in the tg livers at levels similar to those in hepatitis C patients (Pasquinelli et al. 1997; Wakita et al. 1998; Sun et al. 2001; Lerat et al. 2002; Sun et al. 2005) . On the other hand, transgenic mice specifically carrying an entire set of the viral NS genes have failed to definitively show a satisfactory expression of the relevant proteins. An obvious explanation is that the NS proteins, with such activities as serine protease and RNA helicase, are deleterious to embryonic development. We thus designed a conditional HCV NS transgene which expresses only when Cre recombinase is present in the cells. The mice carrying the transgene, described here, were normal in growth and development as well as in fertility and fecundity. Yet, they did not express any of the NS proteins when the transgene was induced to undergo recombination mediated by Cre, which was expressed from another transgene in the cell (Fig. 2c) or from injected AdCre (unpublished observation).
Although RT-PCR analysis of the total liver RNA by using two independent primer pairs spanning overlapping segments of the transgene provided evidence for the presence of a full-length RNA transcript, the northern blot data showed the presence of additional, shorter RNAs. In fact, these shorter transcripts were detected as the major species, whereas the longer (7.6-kb) transcript and an intermediate-size RNA (4.4 kb) were detected in much smaller amounts. Sequence analysis of the truncated RNAs revealed contiguous sequences corresponding with the 3 0 -terminal end of the transgene. Earlier, it has been referred that inappropriately spliced transcripts have been noted in the case of transgenes derived from HCV sequences (Lemon et al. 2000) . However, the absence of the universally conserved splice junctional sequence GU-AG at the 5 0 end of the shorter RNAs rules out the possibility of these truncated transcripts being cryptic splice products. Instead, they appear to be initiating from alternate transcription start sites within the chromosomally integrated HCV sequence that are recognized in the mouse liver. This interpretation is supported by the presence of a capped G at the 5 0 termini of these RNAs (Fig. 3) .
In natural HCV infection, viral RNA replication takes place in the cytoplasm through the virally encoded NS5B RNA-dependent RNA polymerase (RDRP), and all viral proteins are translated from the viral RNA using the IRES (Internal Ribosomal Entry Site) mechanism. While the Alb-NS construct expressed protein efficiently in Huh-7 cells (Fig. 1c) , which involves transcription by Pol II and capdependent translation by ribosomes, it failed to do so in the murine Hepa 1-6 cell line (data not shown). This unusual occurrence is not unique to the vector used for the preparation of the Alb-NS construct or the Cre-loxP methodology because both the vector and the method were used earlier by us and others to successfully generate HCV structural transgenic lines (Wakita et al. 1998; Sun et al. 2001; Lerat et al. 2002; Sun et al. 2005) . Moreover, another HCV NS transgene construct prepared by us, using an independent liver-specific vector, pLive (Mirus, Madison, WI) also failed to show expression of the viral proteins both in vitro and in vivo (data not shown). Though in vitro findings seemed to support speciesspecific differences in transgene expression, it was conceivable that expression of an HCV NS transgene could be differentially regulated in vivo. We, therefore, compared the transcripts produced in our Alb-NS tg lines with those from the independently generated FL-N/35 line (Lerat et al. 2002) . The detection of identical truncated RNAs in both these lines (Figs. 2e and 3a-d) leads us to suggest that the alternate transcription starts in the tg livers may be due to the presence of mouse transcription factor binding sites and initiator (Inr) elements within the HCV ORF (Smale 2001) . The relative abundance of the different truncated HCV transcripts indicates that the mouse transcriptional apparatus recognizes the individual transcription start signals at different efficiencies. Identification of the specific promoter elements within the HCV sequence via a comprehensive CAGE (cap analysis gene expression) study can perhaps help throw more light on this issue (Frith et al. 2006) .
On the other hand, the positioning of a stop codon preceding the earliest translation initiation signal (Fig. 3a, c, d ) or the shift in reading frame (Fig. 3b) that ensued through the alternate transcription start is striking and appears to function towards obstructing translation of the viral genes. It is also interesting to note that the longest RNA species identified from the FL-N/35 line (Fig. 3e) , that originated from inside the core gene from an alternate transcription start, could possibly encode for the HCV ARFP (alternate reading frame protein) (Vassilaki and Mavromara 2009 ) and/or the p8 minicore protein (Eng et al. 2009 ), and this may account for some of the phenotype reported for this lineage.
From the evidence presented in this paper, the complete Alb-NS RNA that was transcribed off the recombined transgene appears to have undergone trans-splicing, with a 19-base leader sequence spliced onto the 5 0 end of the transcript (Fig. 3g) . Transsplicing refers to the recombination of sequences from two independently transcribed pre-mRNAs to form a composite RNA (Stover et al. 2006) . A nucleotide blast search revealed that though the 19-base sequence is not featured in the Alb-NS transgene construct, it is present at more than one location in the mouse genome and, therefore, should be originating from an independently transcribed mouse pre-mRNA. The sequence it replaces at the 5 0 end of the Alb-NS mRNA represents a splice acceptor site (AG nucleotides). The trans-splicing also appears to be occurring in a specific manner that can possibly block the translation of the transcript through the insertion of a stop codon upstream of, and in frame with, its translation start site. Moreover, this could render the transcript susceptible to nonsensemediated decay, which might explain its presence as a low abundance species in the mouse liver RNA population. Trans-splicing in mammals has been shown to be contributory towards proteome diversity and as a mechanism of inducing transgression of host RNA processing by an infecting virus through heterologous trans-splicing (Mayer and Floeter-Winter 2005) . To our knowledge, this is the first reported demonstration of trans-splicing of an HCV transgenic transcript in vivo, even though Pasquinelli et al. (1997) in their core-317 transgenic line reported the presence of a longer, 1.7-kb mRNA in addition to the expected 1.4 kb transcript, hinting at a mechanism of RNA recombination. Since they failed to detect transgene-specific sequences either upstream or downstream of their MUP (mouse urinary protein promoter)-HCV transcription unit, they concluded that the longer transcript may have originated through splicing of the SV40 portion of the transcript and transcription read-through of mouse sequences past the transgene. Possible remedies to overcome the trans-splicing could be to delete or modify the potential trans-splice signals in individual HCV NS or full-length tg constructs or to introduce an intronic sequence 3 0 of the potential trans-splice site, so as to guide the mouse cellular splicing machinery to cis splice the mRNA instead of trans-splicing. Overall, our analysis of these HCV tg mouse lines brings to light two independent veritable phenomena that result in the positioning of a translation stop codon prior to the contextual translation start or lead to a shift in reading frame. Both of these beget restriction on the translation of a combination of HCV NS sequences, transgenically introduced in the murine liver. A more comprehensive investigation of these phenomena could provide important clues and give impetus to the development of tg mouse models of HCV infection.
